The study examines chemiluminescence measurements and computations as a method of validation. Because chemiluminescent radicals are present in small concentrations and associated timescales are also small, a common assumption is that these are quasi-steady-state species and their transport can be ignored. This paper examines the above assumption using available data and simulation results, specifically aiming at a single element rocket combustor under strong pressure fluctuations. Variations in the kinetics rate constants are considered for assessing sensitivity of the results. Two additional aspects are explored: the ability of the excited species to represent the chemical heat release and the optical thickness of the medium. For the conditions of the study, the quasi-steady-state assumption in the case of OH* is found to be marginally insufficient while in the case of CH*, it is found to be acceptable. Modeled heat release is qualitatively better captured by CH* than OH* because of higher difference in the peak to asymptotic concentrations and lower ground state concentration.
Introduction
High pressure nonpremixed turbulent combustion presents a challenging environment for simulations and measurements. Rocket engine combustors are particularly difficult with spectacularly high rates of energy deposition, compact flames, short hydrodynamic scales, and shorter acoustic timescales that approach kinetic timescales. Part of this is due to the nature of the fuel and the oxidizers at near-stoichiometric proportions. The rocket injectors aim for higher mixing throughput, perhaps even at the expense of pressure in order to achieve overall better performance. A great deal of progress has been made in simulating these complex physics, but to match advances in computational modeling capability, the fidelity of measurements from experiments must also be improved to properly validate these models.
The conversion of energy from propellant combustion into the acoustic field is the primary mechanism by which combustion instabilities are sustained. Whereas the acoustic field can be well characterized in both experiments and simulations enabling direct comparison, the input of energy is much more difficult to detect and cannot be directly compared. The heat release field in the combustor has intricate spatial and temporal distributions related to turbulent flow structures and equivalence ratio gradients. Furthermore, the mechanisms governing coherent heat release are subtle and can be easily influenced by the feedback from the acoustics. The present study seeks to improve the quantitative comparison between heat release distribution predicted by simulation and measured in experiments.
The study considers chemiluminescence vis-a`-vis a computed energy release. Because chemiluminescent radicals are present in small concentrations and associated timescales are also small, a popular argument is that these are quasi-steady-state (QSS) species and their transport can be ignored. 1, 2 This paper examines the assumption of the QSS species using available data and simulation results, specifically in the context of combustion instability in rocket applications using the chemically excited species CH* and OH*.
Review of OH* measurements and modeling
Much work has been done in measurements and modeling of the excited species for steady flames. Many of these fundamental studies establish the techniques required, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] but with a few exceptions, 13, 14 Computational Fluid Dynamics (CFD) simulations rarely utilize the kinetics models for the excited species. Typical spatiotemporal resolution in experimental measurements is 60 mm and 10 ms, respectively. 1, 13 In the case of shock tube measurements, temporal resolution of 1 ms is possible. 11 Computations, on the other hand, can have the resolution of up to 30 mm spatially and 0.1 ms temporally. Thus, while comparable spatial resolution allows direct comparisons, there exists at least an order of magnitude difference in temporal resolution. An even more important question is about the experimental and computational resolution available for chemiluminescence intensity. However, in absence of data, the focus of the present study is limited to the timescale of decay of the hydroxyl radical OH*.
Timescales and rate constants
Developers of chemical kinetics mechanisms rely on experimental data from shock tube measurements 11 or burner stabilized flames. 1, 4, 13 The shock tube measurements utilize photomultiplier tubes (PMT), which provide quantitative measurements of light emission. However, in most of the reported measurements, the intensities are plotted on a linear scale, as evident in Figure 1 by Bozkurt. 11 Thus, plotted values make it difficult to discern the lower bound on the observed concentrations. A kinetics model of the excited species is used in conjunction with a detailed kinetics model for the fuel of interest, representing the flame or burner configuration studied. If the spatial profiles are examined as in the case of premixed burner stabilized flames, the spatial discretization for computations is often adapted to capture the gradient and curvature of the solution accurately. 15, 16 Such adaptation often resolves more than one order of magnitude variation of the species concentration. The linear scale on the experimental measurement is hence sufficient to confirm the highest order of magnitude but not the concentrations leading to or trailing the flame. The same is true for temporal models such as closed homogeneous reactor used by others. 11, 17 The time stepping employed in these reactor simulations is based on the DASPK, which is a variable step-size, variable order algorithm. 18 The time step size variation is previously reported by the author, showing three orders of magnitude drop at the ignition. 19 The excited species concentration during the preignition transient and the rate of postignition decay below the highest order of magnitude is therefore not available. In spite of this disadvantage, the experimental results by Bozkurt 11 show that the order of magnitude of the peak OH* concentrations persists longer than 1 ms at this condition.
The same study also explores the effect of CH 4 on the OH* production. This is shown in Figure 1 . The OH* can be seen to persist at these conditions for longer than 500 ms, which is three orders of magnitude longer than the typical computational time step and comparable to the acoustic cycle timescales. In another work, Kathrotia et al. 1 compared the OH* measurements for a McKenna burner with simulations using GRI-3.0 20 and optimized a mechanism for chemiluminescent species. Again, the use of linear scale is noteworthy, which does not clarify the persistence of OH* radical below the order of magnitude of its peak value. Smith et al. 6 studied low pressure premixed flames and proposed the chemiluminescence mechanism that was adopted initially by Kathrotia et al. With the exception of collisional quenching reactions with OH, Ar, and H, Bozkurt 11 gives a similar or the same sources as the rate constants given by Smith et al. 6 There is a discrepancy in the activation energy given by Smith et al. 6 of three orders of magnitude, likely due to a typographical error. Nori and Seitzman 2,10 have listed a validated mechanism for OH* production and quenching. This mechanism refers to an experimental measurement campaign by Petersen et al. 7 Again, the shock tube measurements used for the validation show slow decay of OH*, which corresponds well with the primary channel of its production, namely the reaction 7, 9, 11 Majority of the differences in the rate constants reported by these authors are for the production rates of the excited species, while the collisional quenching rate parameters are similar and in many instances, the same. Since the high pressure experiments were targeted by Nori and Seitzman 10 and Hossain and Nakamura, 12 the rate constants given by these authors are primarily employed for the present study. The results in the next section show that in the case of CH*, the peak values last for a significantly shorter duration. As such, the rate constants, albeit somewhat different in the various sources, do not substantially alter the results and hence are considered here only from Nori and Seitzman. 10 The OH* model compiled from various sources and the CH* model reported by Hossain and Nakamura is given in Table 1 , which includes the relaxation of the OH* radical through radiative decay. It is of particular interest to note that the Arrhenius premultiplicative constant ''A'' given for the radiative depletion is lower than most of the recombination reactions, suggesting that it is a slower process in comparison. This timescale can be traced back to two experiments, reported independently by German 24 and Dimpfl and Kinsey. 21 Both the experiments report the radiative decay times of 690 ns, which in terms of computational time steps corresponds to a factor of 7 higher. 
Modeling
Modeling the excited species as a diagnostic and comparison metric is almost exclusively attempted for laboratory-scale flames. For the sake of completeness, the following summary gives highlights of the literature on the subject. Higgins et al. 5 studied OH* chemiluminescence at various pressures and using GRI kinetics with OH* mechanism from Dandy and Vosen, 3 found that the models predicted lower values but correct trends. Some of the experiments targeted the chemiluminescence intensity in order to find the variations in equivalence ratio. 2 This hypothesis is tested in modeling by Panoutsos et al. 25 using different base mechanisms combined with several mechanisms for excited species. Using opposed flames of either premixed or diffusing reactants, it was shown that the heat release is closely represented by the CH* radical and the ratio OH*/CH* was a property of the type of flame. In contrast, Hossain and Nakamura used the excited species models given by Nori and Seitzman 10 to study opposed jet diffusion flames and found that highly stretched flames may not use the CH* intensity as a direct measure of heat release rate. 12 Considering two-dimensional premixed flames, modeled as 1D premixed flames, Kojima et al. 8 found acceptable predictions of OH* and CH* radicals for lean mixtures, but deviations were reported for the rich conditions. Studying the opposed oxy-flames of methane using the GRI base mechanism and the mechanism by Smith et al. 26 for modeling the excited species, De Leo et al. 9 found reasonable agreement with the data.
Thermal excitation as a possible alternative to chemiluminescence has been mentioned by Gardiner et al. 27 as early as 1969. At low pressures, the threshold of thermal excitation was found in their study of H 2 / O 2 /Ar mixtures at 2000 K. Coincident peaks of the ground state and excited state OH and CH radicals were pointed out by De Leo et al. 9 and attributed to thermal excitation. It is noteworthy that De Leo et al. reported that the peak flame temperature approached 3000 K for the case with predominant thermal excitation. Koike and Morinaga 28 studied the OH* luminescence in the H 2 /O 2 /Ar system at low pressure and found that the threshold of thermally excited radicals is above 2800 K. A more recent work by Kathrotia et al. 29 improved upon the rate constant proposed by Hidaka et al. 30 Both the studies considered H 2 /O 2 mixtures and reported that the thermal excitation is dominant at temperatures higher than 2800 K. Below this threshold, the excited hydroxyl radical formation was attributed primarily to the three-body recombination reaction of atomic hydrogen and oxygen. A recent study by Fiala and Sattelmayer 31 considered H 2 /O 2 flames at various pressures. Assuming thermal equilibrium for computing the excited OH* in conjunction with the chemical excitation model of Kathrotia et al. 29 a comparison of the two pathways is presented. It was concluded that the temperature threshold of 2700 K, above which thermal production of OH* was the dominant mechanism is independent of pressure.
Time accurate simulations of practical flames are rarely carried out with detailed mechanisms, which are necessary for the prediction of excited state species and hence chemiluminescence. Walsh et al. 13 have shown that steady-state computations with laboratory-scale flames are possible and predicted intensities allow direct comparison with the experimental measurements. Laser-induced fluorescence and CFD simulations with detailed kinetics are attempted by Day et al. for a direct comparison, but it should be noted that the timescales of the low-swirl flames are orders of magnitude larger than the rocket combustors, making the diagnostic method easily applicable. 14 
Objective
Diagnostic advances for study of highly transient flames in a rocket combustor are highly desired, but difficult compared to their counterparts in the gas turbine systems. Time accurate simulations have shown promise in gas turbine combustors 32, 33 but there are several factors that are not only different between the two, but are critical in advancing the understanding of coupling between the acoustic field and combustion. The foremost among these is the energy release due to chemical reactions in the compressible highly turbulent flames that often contain multiple interacting features like reacting shear layers and recirculation zones. These are perturbed by the differential acoustics in the injector and the combustor, presenting the complex phenomena of combustion instabilities. In particular, the liquid rocket combustion instabilities are an issue faced by many of the liquid rocket development programs. 34 The objective of the present work is to investigate the use of high fidelity simulations of chemiluminescent radicals OH* and CH* in a single element rocket combustor under conditions of self-sustained combustion instability for the purpose of validation and determination of important physics of heat release.
Modeling details
The CFD solver-General Equations and Mesh Solver, developed by Prof. Merkle's research group at Purdue University is used for the computations. 35, 36 Conservation equations for the reacting flow are solved in a coupled fashion and turbulence is modeled using hybrid RANS/LES approach, wherein the nearwall region is RANS while the core flow is modeled as LES with the transport of subgrid scales included through Wilcox's k À ! model. Thermodynamic and transport properties are obtained using polynomials given by Macbride et al. and appropriate mixing rules are employed. [37] [38] [39] [40] The nonlinear terms are treated implicitly and second-order discretization is used for space and time. The species source terms are modeled as laminar closure since this approach has been successfully employed in the prior studies. 32, 41 The linear system is inverted with line Gauss-Seidel algorithm and approximate factorization errors are minimized by dual time stepping. The interested reader can find the details of computational methods as well as accuracy of the species transport in the works by Harvazinski 42 and Sardeshmukh. 19 
Continuously variable resonant combustor (CVRC)
The single element rocket experiment, CVRC, targets the longitudinal instabilities present in shear coaxial type of injectors. 43 This combustor has been shown to exhibit self-excited instability for various lengths of the injector oxidizer feed post and with varying conditions of operation. The frequency and amplitude of the instability correspond well with that encountered in the practical devices of the type. The propellant combination for the present study is chosen to be methane and decomposed hydrogen peroxide, because of their simplicity, availability of simultaneous CH* and OH* chemiluminescence data, as well as availability of established kinetics schemes. Prior studies of this combustor have reported the three lengths-8.9, 14.0, and 19.1 cm as stable, unstable, and borderline unstable, respectively. 41 The 14.0 cm configuration is deemed most unstable due to its high amplitude and is chosen so as to provide sufficient contrast for the time-resolved results. This choice also precludes any difficulties associated with the borderline unstable case.
The ignition delay was identified in a previous study of this combustor as an important parameter for this type of combustion instability. 44 It was reported that for the conditions of interest, the ignition delay values predicted with the GRI-3.0 mechanism and a smaller version: GRI-1.2 are close, which enables economical computations with detailed kinetics for obtaining the chemiluminescent species CH* and OH*.
Conditions of operation and QSS
The previous study of this combustor using chemiluminescence relied on the assumption of QSS of the excited species. 45 Although in that study, qualitative similarities in the phase-averaged, volume-integrated OH* emission were observed, some discrepancies remained. Specifically in the results used for the study by Bedard et al., QSS OH* is discernible at locations downstream of the heat release zone throughout the instability cycle, which is contrary to the experimental observations. It is therefore of interest in the current study to examine the QSS assumption. As a first level of inquiry, a homogeneous reactor model is chosen to establish the reliability of the model and to assess the QSS assumption. Data from Bozkurt 11 are used for the purpose of model verification. This comparison for both the OH* and CH* radicals is shown in Figures 2 to 4 .
From this comparison, the qualitative representation of the OH* model seems adequate on a linear scale. Predicted OH* follows the data trend but overpredicts the value by a factor of 5. This is probably due to the higher A value of the reaction R-1, in conjunction with the higher O 2 concentrations in the oxidizer compared to air, which was used for calibration of the mechanism by Nori and Seitzman. 2 Since the focus of the current study is to utilize the kinetics of the emitting species in the analysis of rocket combustion instabilities, this discrepancy is noted but the mechanism is not altered. Temporal shift in the peak OH* value is seen to be less than 0.1 ms, which is acceptable considering that the first mode of the instability has a frequency of approximately 1330 Hz. 44 Initially the predicted rate of production can be seen close to the measurements but the drop from peak value appears sharper than the measurements, although perhaps within the experimental uncertainty. It should also be considered that the same discrepancy was also seen by Bozkurt, 11 and therefore it is likely due to the three-body quenching reactions that are common among all the mechanisms. This result is contrasted with the predictions of the mechanism given by Kathrotia et al., 1 shown in Figure 3 . It is seen from this result that the trends are similar to prior observations with a difference in the peak value.
The data available for the CH* radical are normalized, and hence the comparison is limited to the overall trend and the temporal resolution offered. Noting again the linear scale, both the data and predicted CH* concentrations show an order of magnitude drop within 0.1 ms. The predicted trend for production as well as quenching agrees well with the data. There is a shift of 0.01 ms or 10% in the predicted time to peak, but in comparison with the OH* data, time to peak is shorter by a factor of 6 and the time for the drop in intensity is shorter by a factor of 4. Also, unlike the OH*, the production and the quenching follow the same rate of change. All these factors point to the benefit of the CH* radical for time-resolved measurements.
Homogeneous reactor at CVRC conditions
The CVRC operates at a nominal chamber pressure of 1.4 MPa, which is a factor of 7 greater than the experiments of Bozkurt. 11 The oxidizer used in CVRC is different and as noted by De Leo et al., 9 the oxidizer composition affects the chemiluminescent species in a flame. The decomposed hydrogen peroxide used in the CVRC experiment consists of 57.65% water vapor and 42.35% oxygen by mass at a temperature of 1030 K. The CVRC configuration chosen for this study exhibits the first longitudinal mode at 1324 Hz, 41 corresponding to a cycle time of 0.75 ms. The transient excited species predicted for these conditions in a homogeneous reactor are shown in Figure 5 . The peak concentrations of the excited state radicals seen here are comparable to some of the minor species in the base kinetics model. The CH* radical shows five orders of magnitude drop in concentration, which is in line with the QSS assumption, but the two orders of magnitude drop in the case of OH* radical may not be sufficient to qualify it as a QSS species. Per these observations, the CH* radicals in the CFD simulations are calculated a posteriory while the OH* mechanism is included in the kinetics model and the radical is solved as a transported species.
Similar trends, shown in Figure 6 , are obtained with the mechanism given by Kathrotia et al. 1 The peak value predicted is an order of magnitude lower. However, the difference between the predicted peak and asymptotic state concentrations of OH* radical is nearly equal for the two sets. This observation is likely to cause a uniform shift in the predicted emitting field beyond the main heat release zone, which means that the predicted intensity variation through the cycle time will be similar.
Results
Prior studies of this combustor 41, 44 have shown that the processes such as vortex shedding, shear layer perturbations, and interaction with hot products in the corner recirculation zone near the headend of the combustor occur prior to the primary heat release event. The timeaveraged temperature field is shown in Figure 7 . The mean temperature can be seen to be less than 2500 K except a hot spot in the corner of the combustor. The volume of this hot spot is less than 3% of the total combustor volume. This observation coupled with the threshold of 2700 K from literature suggests that chemically excited OH* is the primary pathway of OH* production. Several snapshots of the excited state radicals and the heat release predictions during this phase of the instability are shown in Figure 8 . The hypothesis that the QSS may not be an appropriate assumption for the OH* radical is tested here by comparing it against the transported OH* radical. The heat release shown simultaneously helps this comparison to further assess whether the excited state OH* radical can be used as a marker.
The CVRC experimental configuration considered in this study was examined by Harvazinski et al. 41 and was noted to exhibit a periodic pressure oscillation, which we will refer to as the pressure cycle or the cycle. The first snapshot in Figure 8 shows an instance at the beginning of the increasing pressure, or the upcycle. At this instance, the heat release is nearly two orders of magnitude lower than the peak value in most of the regions. The lower bound of QSS OH* mass fraction at this time compares well with that of transported OH*. At the higher end of the mass fraction range shown, the transported OH* is greater than the QSS predictions beyond the primary heat release region. This is consistent with the expectation that the QSS predictions do not account for presence of OH* at asymptotic levels. As the heat release increases during the second snapshot, both sets of OH* predictions increase by an order of magnitude near the heat . Time-averaged temperature in the CVRC computation. This shows that less than 3% of the combustor volume has a temperature greater than 2500 K. Compared to the threshold of 2700 K for thermal excitation found by Fiala and Sattelmayer, 31 this supports the chemical excitation as the primary pathway for OH* production. CVRC: continuously variable resonant combustor. release zone. The QSS OH* is seen to be consistent with the transported OH* location but continues to be lower. In the last snapshot the heat release reaches peak value in the cycle and the QSS OH* reaches peak value but is two orders of magnitude lower than the peak value in the vicinity. Figure 9 clearly shows this bias of transported versus. QSS OH*, wherein the values are off by one to three orders of magnitude. It should be recognized here that Figure 9 shows scatter plot and hence the differences reported are based on trends rather than individual points. Two groupings, one at a higher QSS OH* magnitude than the other are easily identified from the plot. The group with higher magnitude of QSS OH* is one order of magnitude lower than the transported OH* while the lower group on an average shows two orders of magnitude lower QSS values compared to the transported OH*. The QSS OH* is therefore not an adequate indicator of the modeled heat release. The transported OH*, on the other hand, captures the variations of the modeled heat release, but continues to remain within two orders of magnitude of its peak value, which is consistent with the result seen in Figure 5 .
Results from the homogeneous reactor simulation for a mean condition of operation are described in a prior section. The dependence of the predicted transient emitting field on the kinetics mechanism is assessed here by comparing the QSS predictions of the two mechanisms, shown in Figure 10 at the same time instance as Figure 9 . The scatter plot of the QSS predictions with the two mechanisms shown in Figure 10 for all the computational cells on a log-log scale is close to a straight line parallel to equal parity, which means that the difference in predictions is a constant multiplication factor. This factor is found to be approximately 30. Primarily, this factor is due to the difference between the rates of production of the OH* radical. The mechanism due to Nori and Seitzman 10 is optimized for high pressure combustion applications and therefore better Figure 10 . QSS predictions of the OH* radical with two different kinetics mechanisms. Predictions by the mechanism given by Kathrotia et al. are lower than the mechanism by Nori and Seitzman by a factor of 30, but display the same trend. QSS: quasi-steady-state. Figure 9 . Transported versus QSS predictions of the OH* radical in entire domain. QSS predictions are lower than the transported OH* by one to three orders of magnitude. QSS: quasi-steady-state.
suited for the CVRC experiment. Observations from Figure 10 confirm this assessment.
Measurements of both OH* and CH* chemiluminescence in the CVRC experiment were described by Bedard et al. 45 The location of the pressure transducer and the chemiluminescence measurement was chosen to be 2.5 cm, based on the time-averaged results of the simulations by Harvazinski. 42 The pressure perturbations are well captured with the simulation as shown in Figure  11 . The simulations differ slightly from the experiments in that the wall boundary is assumed to be adiabatic. This has been attributed in the literature to be the cause of slight overprediction of the frequency (13%) of the instability. As a result, the computational pressure cycle is slightly shorter in comparison with the experiment.
Comparison of the phase-averaged OH* chemiluminescence is shown in Figure 12 . The first pressure mode frequency (1324 Hz 41 ) is used for determining the phase of a snapshot. The experimental intensity has arbitrary bounds and therefore both the sets of data are normalized for comparison. The initial structure seen in the comparison is a result of the flow reversal induced by the returning pressure wave in the combustor. A bifurcation of the peak chemiluminescence intensity can be seen from both the experimental and computational results. The experimental measurements were line of sight averaged and for the purpose of comparison, these are inverse Abel transformed. The optical thickness of the medium is a factor in such a comparison and needs to be assessed. For the present case, this is attempted qualitatively using the ground state and excited state difference in mass fractions.
Comparison of both the CH* and OH* with respective ground states is shown in Figure 13 for the same three instances shown in Figure 8 . The maximum predicted temperature in the combustor is 2600 K and at this temperature, the OH ground state concentration of 1% by mass is expected. In comparison, the CH concentration is 4-6 orders of magnitude lower. De Leo et al. 9 had shown this difference to be of the same order. The ratio of OH*/CH* from several studies was reported to have small impact due to changes in strain rate 25, 46, 47 and the dependence on equivalence ratio was found to diminish with increasing pressure. 2 The levels shown in Figure 13 are consistent with this observation, but not with the QSS OH* which is an order of magnitude lower as shown in Figure 8 . The ratio of excited to ground state concentrations of CH* is four orders of magnitude higher than that of OH*. This is an important observation since the self-absorption in the case of OH* has been noted in the literature as a significant factor affecting the measurements. 48 A comparison of the transported OH* with the QSS CH* is shown in Figure 14 . The overlay of the excited species contrasted against the computed heat release shows that the CH* closely resembles the heat release predictions. The main reason for this is the timescale of the excited CH* and the several orders of magnitude drop due to quenching in the post-flame regions. The transient heat release in this case shows the spatiotemporal complexity present in the CVRC combustion instability. The CH* radical shows the presence of perturbed reacting shear layer as well as the vortex wall interaction that is responsible for the bifurcation of the high chemiluminescence intensity seen in Figure 12 .
Comparison of the chemiluminescence from the CH* and OH* radicals can be further advanced through the use of optic probe-based diagnostic methods as described by Bedard et al. 45 This technique extracts a line-of-sight-averaged point measurement from the field with a better temporal resolution. Comparison of such a measurement with the computational result can further the validation of a computation. A preliminary comparison of phase-averaged, line-of-sight-integrated fluctuating pressure and normalized OH* and CH* is shown in Figure 15 . The computed fluctuating pressure closely approximates the measurements and is shown to better understand the phase-averaged chemiluminescence comparison. Although with some dependence on the optical thickness, the OH* measurements are close to the predictions. The CH* is a more sensitive measurement of the two radicals and shows close match with the experimental trends from the first half of the cycle. The latter part of the pressure cycle shows some differences, but it should be recognized that the sharp drop in intensity during the post-flame heat release means greater uncertainty in both techniques and therefore comparison as a whole. It should also be recognized that such an improved temporal representation is available at the cost of spatial resolution and any uncertainty there may significantly affect the comparison.
Conclusion
Development of the chemiluminescent species modeling has been ongoing for several decades but the proposed models have largely been restricted to fundamental studies. The present effort extends this to a more practical rocket combustion instability problem and examines the time-resolved chemiluminescence computations as a validation method. Connection of the emitting species with the modeled heat release is also probed.
Comparisons with shock tube data show adequacy of the models in capturing one order of magnitude transient for both the excited state radicals. The models presented by Nori and Seitzman 10 and used by Hossain and Nakamura 12 correctly predict the timescale of formation of both the OH* and CH* radicals with a deviation up to 15% in peak values. Similar predictions are seen with the mechanism given by Kathrotia et al. 1 Trends in the formation and quenching are also correctly captured by both the sets of predictions, supporting the use of these radicals for time-resolved comparisons.
The timescales encountered in computations of these radicals indicate that the QSS assumption should be evaluated on a case-by-case basis. For the rocket combustion instability problem, the levels of exited state radicals in a homogeneous reactor suggest that modeling assumption of QSS OH* should be relaxed. It is further found to be inadequate based on the comparison with the transported OH* and the time-resolved heat release. Modeling the transport of OH* allows a direct albeit qualitative comparison of the energy release timing and location found in experiments and computations. However, a further consideration of the optical thickness is necessary for the comparison since the OH* radical measurement can be affected by reabsorption.
The QSS assumption is found to be appropriate in the case of CH* radical. The difference in concentrations of the excited and ground state CH* radical also means that optical thickness may not adversely impact the measurements in this case. The shorter duration of the peak CH* concentration and the order of magnitudes drop in intensity under the CVRC conditions make it an ideal marker for capturing time-resolved energy addition.
An important aspect highlighted by these observations is the asymptotic state and time to the asymptotic state predicted with the kinetics models. Quantification of the measured intensity scale with temporal resolution can substantially assist in the development as well as application of the models to practical problems of interest.
Future work
Several steps are planned to advance the simultaneous numerical-experimental investigation of the complex problem of rocket combustion instability. The foremost on the experimental side is quantifying the ground state concentrations through absorption spectroscopy to determine their impact on the quality of measurements. Multilevel measurements are also being considered, wherein qualitative measurements will be carried out on an integral length scale while probing discrete locations for quantifying the comparisons. Measurements obtained with such techniques are intended to capture the necessary temporal-and intensity-scale effects by utilizing PMTs. On the modeling side, transformation of the simulation results to match the geometric and physical constraints of the experiments, such as modeling reabsorption within the view factor of the optical measurements, will be undertaken.
